Salmonella zuerich [1,9,27,(46)] has been shown to exhibit two levels ofstructural heterogeneity. The bacterium carries two distinct O-polysaccharide molecules with and without O:factor 1. Both sets of molecules (1+ and 1-) carry the two O:factors 27 and 46 on the same 0 chain, but they are expressed unevenly; in contrast to factor 27, O:factor 46 is always weakly expressed. Part of this weak expression was thought to be due to strong inhibition of factor 46 by factor 1. In this study, serological analysis gave more detailed information on the sizes of the different O:factor epitopes. Structural analysis of S. zuerich 0 polysaccharides showed that they are constructed of the expected chemical sequences characteristic of factors 1, 9, 27, and 46. No modification in the sugar sequence could account for the weak expression of O:factor 46. Factors 27 and 46 are present on oligosaccharides carrying either an a-Man (factor 27) or a 1s-Man (factor 46) residue. In S. zuerich, the a-Man configuration is predominant, corroborating the expression of strong factor 27 and weak factor 46 on the bacteria. Questions raised by the existence of such heterogeneous 0 polysaccharides on the specificity of the 0 chain polymerase, as well as the place of S. zuerich in Salnonella evolution, are discussed in this paper.
Salmonella species (members of the Enterobacteriaceae family) are characterized by the presence of a well-developed cell envelope. This cell envelope consists of three structurally and functionally distinct layers: the innermost layer, the periplasm, and the outer membrane (reviewed in references 9 and 55). Lipopolysaccharide (LPS) is an essential amphipathic component of the outer leaflet of the outer membrane that is characteristic of gram-negative bacteria. It forms an impermeable barrier to the hydrophobic uptake pathway and contributes to bacterial resistance to antibacterial agents, bile salts, and detergents (reviewed in reference 21) . LPS is also responsible for bacterial endotoxic activities and is required for the assembly of porins in the outer membrane (2) . In animals, macrophages are the primary targets of LPS, which stimulate their metabolism and secretion of tumor necrosis factor and interleukin 1 (44, 54) .
The Salmonella LPS molecules are made up of three distinct regions: a hydrophobic lipid-rich region (lipid A) responsible for bacterial toxicity, a central acidic oligosaccharide region (core), and an external hydrophilic region (the 0-specific polysaccharide [OPS] antigen, also called 0 side chain or 0 antigen). The OPS is the outermost region of the bacterium and consists of a hydrophilic heteropolysaccharide composed of tetra-or pentasaccharide repeat units. The OPS extends outward up to 30 nm into the medium from the outer membrane layer of the cell envelope (48) and protects the bacterium from host defenses (e.g., phagocytosis and lysis). The OPS also contains the recognition and attachment sites for bacteriophages and colicins. Upon attachment to the wild-type OPS, phage enzymes degrade the OPS, and in the case of a lysogenization process, a new OPS containing discrete changes in the repeat unit is synthesized. The new OPS structure prevents further adsorption of the phage on the lysogenized bacterium, which, however, hosts the phage genome as a prophage. In some circumstances, multiplica-* Corresponding author. tion of phage particles can occur, leading to bacterial lysis (8; also reviewed in reference 29) .
The tremendous diversification of the OPS region may have developed during evolution to allow enteric bacteria to escape host immune defenses by continually developing new cell surface specificities (31, 40, 45) . Following injection of gram-negative bacteria into animals, antibodies directed against distinct portions of the repeating unit can be elicited. These portions serve as epitopes (also called determinant groups, O:factors, or serological specificities) in the interaction of LPS with antibodies (Ab) and are of considerable taxonomic and diagnostic importance. The KauffmannWhite classification scheme of Salmonella serotypes has been developed on the basis of bacterial agglutination by monospecific Ab directed against these epitopes. Each Salmonella strain is characterized by a set of O:factors present on its surface. The sugar groups, their sequence in the repeating unit, and the nature of their glycosidic linkages (anomeric configuration, position of the substituted carbons) are characteristic of each strain and support the serological specificities (indicated as numbers in brackets following the species name) present on the cell.
Salmonella typhi T2 (9,27+) (Dl group lysogenized by phage 427) and Salmonella strasbourg (9,46) (D2 group) (reviewed in reference 27) possess two oligosaccharide repeat units characterized (3, 18, 23, 36) by oligosaccharide structures Gal-al,6-(Tyv-al,3-)-Man-al,4-Rha and Gala1,6-(Tyv-at1,3-)-Man-,31,4-Rha, which differ only in the anomeric configuration of their mannosyl residue (a for factor 27 and ,B for factor 46). Salmonella zuerich [1,9,27, (46) ], a species of the 0 group D3 of the Kauffmann-White scheme (27, 28) , is particularly interesting in Salmonella (27) . The antigenic factor 9 is related to a very narrow Tyv-a(1,3)-Man epitope (3, 36) with terminal oa-tyvelosyl residues attached to mannose in a very acid-labile linkage. In a previous immunochemical study, we demonstrated that S. zuerich exhibits two levels of heterogeneity (34) (35) (36) (37) . The first heterogeneity concerns the presence on the bacterial surface of two polysaccharide molecules differing by the presence or absence of the 0-antigen factor 1 (34, 35, 37, 38) , characterized by a terminal a-glucosyl residue linked to C-6 of Gal in the repeating unit (25, 37, 50, 51) . The second heterogeneity concerns the presence of two factors, 27 and 46, on the same 0 chain (35, 37, 39) . This raised the problem of the specificity of the 0-chain polymerase, which should be broad enough to accept two different substrates and build up a heterologous 0-polysaccharide polymer (37, 39; S. typhi T21-27+ (9,27) S. strasbourg (9, 46) Anti-27
S. strasbourg (9, 46) S. typhi T21-27' (9, 27) and Anti-46 S. senftenberg (1, 3, 19) a Strains were used for immunization, and polysaccharides were used for absorption. For details, see Materials and Methods.
b The initial antiserum anti-S. senftenberg used in this study was not precipitated by polysaccharide from S. strasbourg; no further absorption was therefore necessary, since S. senftenberg has only factor 1 in common with S. zuerich.
ZB1-Ed2, ZB1+a, and ZB1+b (39) . Polysaccharides ZB (1 g) were also subjected to periodate oxidation (150 ml, 1 M, 16 h, 25°C, in the dark) followed by sodium borohydride reduction according to the method of Goldstein et al. (19) . The resulting polysaccharide (ZBor) was desalted on a Bio-Gel P4 column. Tyvelose-containing oligosaccharides were prepared by mild hydrolysis of ZBor according to the methods in references 3, 15, and 19) and then fractionated on a Bio-Gel P4 column.
Antisera. Factor-specific rabbit antisera (anti-27 and anti-46) (Table 1) were prepared by serial absorption of crossreactive Ab with 0 polysaccharides from selected Salmonella species as described previously (35, 39) . Anti-1 Ab are represented by rabbit anti-S. senftenberg immune sera without any absorption, as cross-reaction is not detectable with S. strasbourg polysaccharides. Anti-9 Ab are represented by anti-S. typhi (9, 12) immune sera, as they almost did not react with a polysaccharide carrying 0 factors 4 and 12, and as factor 122, which is related to a Glc-ao(1,4)-Gal unit, is lacking in the S. zuerich strain (see reference 39 and the methylation analysis).
Precipitation curves. Quantitative immunoprecipitation was performed according to the method of Heidelberger and Kendall (22) at 4°C. Sodium azide (final concentration, 0.02%) was added to prevent bacterial contamination. The protein content was estimated by the method of Lowry et al. (30) after the precipitates were washed twice at 4°C with saline.
Inhibition of immunoprecipitation. Inhibition experiments were performed as follows. Immune sera were incubated with increasing amounts of oligo-or monosaccharides (1 h, 37°C). Polysaccharide ZB was then added, and the immunoprecipitation was measured as described above. The inhibition (%) was calculated as percent inhibition = 100(A1OO -A)I(Aloo -AO) where Aloo is the absorbance in the absence of inhibitor, A is the absorbance in the presence of inhibitor, and A0 is the absorbance in the absence of antigen (polysaccharide ZB) and inhibitor.
GC. Polysaccharides (1 to 10 mg/ml) were hydrolyzed with 0.05 M H2SO4 for 18 (16) , L-rhamnose was determined by the sulfuric acid-cysteine method (13) , tyvelose was determined with periodatebarbituric acid (11) , and D-mannose was determined with D-mannose isomerase (12, 42) . The heptose content was estimated with sulfuric acid-cysteine (41) . The total amount of sugar was determined with anthrone (14, 49) .
TLC of sugars. Carbohydrates were separated by thinlayer chromatography (TLC) performed in a water-saturated phenol solvent at room temperature on microcrystalline cellulose-coated glass plates (20 by 10 cm). Silver nitrate reagent (53) was used to reveal sugar spots.
Enzymatic hydrolysis. Substrates were either oligosaccharides or partial hydrolysates of the poly-and oligosaccharides. The following glycosidases were used: a-D-glucosidase (Sigma) (46) , ,B-D-glucosidase (Boehringer) (32) , and aLand 3-D-galactosidases (Koch-Light) (10, 56) .
Mass spectrometric analysis. Oligo-or polysaccharides were permethylated and hydrolyzed according to the methods reviewed in references 4, 20, and 26 and then reduced with sodium borodeuteride, transformed into their alditol acetates, identified, and quantitated by combined GC-mass spectrometry (4, 26 Serological analysis was carried out in parallel with factorspecific anti-1, anti-9, anti-27, and anti-46 Ab (Table 3) . With ZBor polysaccharides, there was no more precipitation of anti-1 Ab from rabbit anti-E4 (1, 3, 19) antiserum, confirming the role of D-glucose as the immunodominant sugar of 0:factor 1 (25, 35, 37, 39, 50, 51) . Anti-27 and anti-46 Ab were only partly precipitated by the ZBor polysaccharide (58 and 63%, respectively). The least affected, however, were the anti-9 Ab, 91% of which were precipitated with polysaccharide ZBor. Thus, the antigen factor 9, known to be determined by the disaccharide Tyv-a-(1,3) -Man in groups Dl and D2 (3, 23, 36) , is not profoundly affected by the degradation of rhamnose residues in the S. zuerich O-polysaccharide main chain. This result confirms the narrowness of the factor 9 epitope (combining site) (36) . In contrast, factors 27 and 46, which also possess tyvelose as their immunodominant sugar, are partly destroyed in ZBor (see Table 3 ). These results, which confirm the essential role of Tyv-Man structures in antigen factors 27 and 46 (3, 36) , further suggest a nonnegligible participation of rhamnosyl residues in the epitopes either directly or via the spatial conformation of the O-polysaccharide chains. Tyvelose-containing oligosaccharides. The ZBor polysaccharides were degraded into tyvelose-containing oligosaccharides according to the methods reviewed in references 3, 15, and 19. Briefly, 800 mg of ZBor was hydrolyzed with 160 ml of 0.005 M H2SO4 (15 min, 100°C). The resulting hydrolysate, which could not immunoprecipitate anti-27 and anti-46 Ab, could, however, inhibit their immunoprecipitation by polysaccharide ZB or ZBor. The total ZBor (800 mg) hydrolysate was fractionated on a Bio-Gel P4 column. The fractions were eluted in the following order: II (77 mg), III (20 mg), IV (386 mg), and V (193 mg). Fraction IV, which was obtained in the highest yield, was rechromatographed on the same column, yielding fraction IV'. All fractions were analyzed, both chemically and serologically (Table 4 and Fig. 1) . The results of the chemical analysis (Table 4) confirm that the main oligosaccharide fractions contain tyvelose and were able to inhibit both rabbit anti-27 and anti-46 Ab (Fig.  1) . Fraction II, which eluted in the high-molecular-weight region, contained a significant amount of heptose (a sugar specific for the LPS core region) and showed only weak anti-27 and anti-46 inhibiting capacity. Fraction III had equimolar contents in Tyv, Man, and Gal and a relatively high content in 4dL-Ery (rhamnose degradation product). It also contained some residual Rha and showed strong inhibitory capacity in the anti-27 and anti-46 precipitation systems (Fig. 1) . Fraction IV', obtained as the main oligosaccharide fraction, had equimolar contents in Tyv, Man, Gal, and 4dL-Ery (Table 4) . It also exhibited strong inhibiting power for anti-27 and anti-46 Ab.
Methylation studies of S. zuerich 0 polysaccharides. All sugars in these OPS were apparently present in pyranose form as revealed by mass spectrometry (Table 5) . ent mannose derivatives were found. They were substituted at positions 3 and 6 (2,4-Me2-Man), at position 6 (2,3,4-Me3-Man), and at position 3 (2,4,6-Me3-Man) ( Table 5 ). This latter derivative was found only in small or even trace amounts. In the O-polysaccharide chain, galactose was substituted either in position 3 (2,4,6-Me3-Gal) or in positions 3 and 6 (2,4-Me2-Gal). The latter was only observed together with terminal units of glucose (2,3,4,6-Me4-Glc) and was not detected in the fraction ZB1-Edl in which glucose was absent (39) . These terminal residues of glucose were thus linked to C-6 of the galactose in the 0 chain.
Fraction IV' was constituted of equimolar amounts of Tyv, Gal, Man, and 4dL-Ery. The Tyv and Gal residues were unsubstituted (2,4-Me2-Tyv and 2,3,4,6-Me4-Gal), while Man was substituted at positions 3 and 6 (2,4-Me2-Man). Since galactose is substituted in position 3 in the 0 polysaccharide ZB1-Edl (2,4,6-Me3-Gal), the polymer is built up by polymerization of the above repeating unit through the linkage Rha-(1,3)-Gal. Glucose, when present, was linked to position 6 of galactose (2,3,4,6-Me4-Glc and 2,4-Me2-Gal).
In polysaccharide ZB, the amount of Tyv is lower than that related to the monosaccharides of the main chain. This probably results from a partial removal of Tyv by 0.1 M CH3COOH used in the polysaccharide preparation (the Tyv-1,3-Gal linkage is highly sensitive to acid) and is responsible for the presence of the 2,3,4-Me3-Man residue in the methylation process (Table 5) .
Determination of the anomeric configuration of the sugars present in S. zuerich. The anomeric configuration of the glucosyl residues was determined on oligosaccharides obtained by partial acid hydrolysis of the ZB polysaccharides. Glucose could be liberated only with a-D-glucosidase. The specificities of the two a-and f-D-glucosidases were tested in parallel with maltose [a-Glc(1-.4)-Glc] and cellobiose [P-Glc(1-+4)-Glc], respectively. This result showed that glucose was a-linked to galactose. The anomeric configuration of galactose was determined on oligosaccharide fraction IV', which had been pretreated with 1 M CH3COOH. All galactose residues were removed by the a-D-galactosidase, and no galactose was liberated by treatment with ,B-D-galactosidase. Thus, all galactose units were a-linked. The anomeric configurations of the tyvelosyl and mannosyl residues were determined by 13C-NMR spectroscopy. Five signals were observed in the anomeric region of the broad band protondecoupled spectrum between 106 and 96 ppm. Their chemical shifts and assignments together with the respective 1H-13C coupling constants (measured in the gated decoupling mode) are presented in Table 6 and compared with the corresponding data for S. strasbourg (9, 46 Substituted at carbonf C-4 C-3 C-3 C-6 C-3 and C-6 C-3 and C-6 C-3 and C-6 a Expressed as molar ratio of methylated sugars. Methylation analysis of polysaccharide fractions ZB1+a and ZB1-Ed2 were not reported, since they gave the same type of 0-methylation spectra as ZB1+b and ZB1-Edl, respectively. TR, traces.
b Part of the tyvelitol derivative is lost during the preparation procedure. The exact relative amount of Tyv derivatives should be equal to that of 2,4-Me2-Man. (18, 22, 36) as well as with the lack of glucose in S. strasbourg (22, 36) . In the spectrum of S. zuerich ZB, no 13-linked mannosyl residues were detected. In the S. zuerich ZBor spectrum, however, a relatively weak but significant signal related to a 1-linkage (J1HJ13C = 163 Hz) was found in the mannosyl region at 102.99 ppm. Spectra of polysaccharides ZB1+ were not run because of a shortage of the polysaccharides.
TLC of fraction IV'. In TLC (water-saturated phenol), fraction IV' disclosed two separate oligosaccharide spots which were differently stained by silver nitrate. Taking into account the sugar composition of fraction IV' as Gal-a-1,6-(Tyv-a-1,3-)-Man-a or P-1,2-4dL-Ery (see above), a plausible explanation for the occurrence of two spots is the presence, although in quite different proportions, of two oligosaccharides possessing a-or 1-mannosyl residues.
DISCUSSION
Several conclusions can be drawn from the analyses presented in this report. S. zuench (group D3) shares the same Gal-1,6-(Tyv-1,3)-Man-1,4-Rha sequence described for O chains of Salmonella species from groups Dl (3) and D2 (22, 36) . As in the other D groups, galactose and tyvelose are a-glycosidically linked. When present, the glucosyl residues are a-glycosidically attached to C-6 of the chain-linked galactose. Mannose is predominantly present in a-linkage, with an a-configurated mannosyl residue for factor 27 (3, 18) and a 13-configurated mannosyl residue for factor 46 (18, 22, 36) . In S. zuenich, this situation most probably stands for factors 27 and 46, respectively. Serological data showed that rhamnose, substituted at C-4, is important for the manifestation of the 27 or the 46 epitope. Figure 2 summarizes the 0-polysaccharide structures proposed for S. zuerich. The presence of these 0-polysaccharide structures supporting determinants 1, 9, 27, and 46 in S. zuerich (group D3) suggests a close relationship between group D3 and groups Dl, D2, and E4. O:factors 1 and 27, which are expressed in group Dl only after lysogenization by phages 027 and 4+22, are expressed in S. zuenich without the presence of any detectable prophage. S. zuerich might then be considered a lysogenized bacterium which, during evolution, has lost the phage portions responsible for the expression of phage components while retaining those phage portions responsible for the synthesis of the oligosaccharide structures due to lysogenization. These structures immunize the bacterium against further conversion by relevant phages. The complex OPS structure of S. zuench might provide more efficient protection than other D groups against host defenses by maintaining the antigen-antibody complexes at a longer distance from the inner membrane, thus preventing the lytic cascade of complement from occurring.
Furthermore, we have demonstrated two sources of heterogeneity in S. zuench 0 polysaccharides. First, branching ac-D-glucosyl residues (factor 1) may be absent or present.
Second, the mannosyl residues present in the repeating units . Factor 27 is related to the presence of the a-mannosyl residue in the repeating unit and is the predominant structure in S. zuerich, whereas factor 46 is weakly expressed and related to the P-mannosyl residue. In ZB1+, due to the presence of factor 1, factor 46 is less accessible to anti-46 Ab (35, 37, 39) , which is indicated by parentheses. In contrast, factor 27 is less influenced by the presence of factor 1 (35, 37, 39) . The bold outline around the oligosaccharide unit symbolizes the importance of the sugars in the structure of the epitopes (0:factors); the thicker the line, the greater the participation of the sugars in the combining site. Dotted lines indicate that additional sugars may weakly participate in the expression of the epitopes. may exist in either the a-or the 3-anomeric configurations. The ac-and ,B-mannosyl residues coexist on the same 0-polysaccharide chains (see also reference 39), but with a much higher abundance of a-linkage. This microheterogeneity of the repeating units could imply that two different mannosyl transferases exist in S. zuerich. Makela and Stocker (33) suggested that the best genetic interpretation of such a mixed structure lies in a duplicated rfb region. It also raises the issue of the specificity of Salmonella polymerases responsible for polymerization of the repeat units (7) . The polymerases should present a broad enough specificity to recognize both at-and P-mannosyl-configurated oligosaccharides as their substrates and synthesize a microheterogeneous 0-polysaccharide chain (52) . However, it seems that during the polymerization process, the a-mannosyl subunit is favored over the P-mannosyl subunit. By construction of a modified rjb region, Weintraub et al. (57) have been able to obtain a Salmonella hybrid which coexpresses factors 4 and 9 on the same lipopolysaccharides. These factors are related to repeating units differing in their terminal 3,6-dideoxyhexoses (Abe and Tyv for factors 4 and 9, respectively). This also suggests a rather broad specificity of the related 0 polymerase.
